• Large-scale parametric study.
INTRODUCTION
Small, claw-poled, permanent-magnet (PM), stepper motors [1] to [3] are commonly used in many home appliances, industrial applications and the automotive industry due to their positioning abilities and their relatively low cost. The performance of the motor is defined by the materials used and its geometrical details, particularly the stator poles. However, optimizing the geometry in order to achieve a higher torque can sometimes affect the stepping accuracy and the dynamics of the rotor's movement.
Optimization of the driving torque and minimization of the detent torque are common tasks in the development of prototype steppers; therefore, many published patents and investigations can be found that relate to these topics [4] to [6] . An informative investigation was published in 2006 by Liu et al. [5] , where a study of different ratios of teeth bases and different teeth heights was made. Because of the constant tooth surface used in the analysis, the holding and detent peak torques presented are very informative. Another study by Liu et al. [6] was carried out to investigate the influence of the stator stack gap. The experiment showed improved stepping when the gap was increased.
In order to obtain a clearer insight into the influence of multiple geometrical parameters on the driving torque, detent torque and stepping accuracy, an extensive study is presented in this paper, using the full-scale 3-D FEM and a custom code for the stepping simulation. The results are organized to help engineers quickly find the most influential parameters to optimize their motors. Such information can prove itself highly useful in industry where short deadlines and high investments do not allow for a time-consuming research, simulations, prototype manufacturing and testing.
PROTOTYPE MOTOR
To ensure that the effects of the investigated parameters are as "isolated" as possible, a new construction was employed for the stator. This modular concept also allows the simple manufacturing of parts, assembly and disassembly of the motor (Figs. 1 and  2 ). This is very important, because it saves valuable resources, while only four parts have to be changed in the assembly when investigating pole-shape design and stator-rotor air gap. Because only the poles, stator rings and permanent magnets are made of magnetic material, the geometry of the motor is very simple/ basic. The minimum necessary "errors" in the stator are, therefore, six symmetric circular-pattern holes for mounting/positioning and two small holes for the winding leads. Manufacturing and assembly errors [7] that always occur in real life can be easily tested by replacing the stack-separating washers or changing the position or the shape of the six positioning holes. Table 1 present the parameters and their values that are investigated in this paper. The tooth base width (PA) is defined by an angle, whereas all the other parameters, such as tooth height (H), vertical chamfer (VC), horizontal chamfer (HC), stack separation (S) and permanent-magnet height (MH), are defined in millimeters. The analysis is designed to have one main version/prototype (V01) with PA = 15°, H = 5 mm, VC = 3 mm, HC = 1 mm, S = 0.2 mm, MH = 12 mm, from which all other versions derive. For example, version V02 is identical to V01, with the exception of the tooth-width parameter, which changes to PA = 14°. We decided to use this approach in order to emphasize the effect of the parameter when optimizing a base prototype. The parameters are kept well within the feasible manufacturing range.
Fig. 2. Exploded view of the motor
The low-cost, bipolar, claw-poled, PM, stepper motor investigated in this work (Fig. 2 ) has 48 poles, corresponding to a 7.5° step angle. In each of the two phases of the stator, a 0.35mm copper-alloy wire is used for a winding with 160 turns. The stator is formed from cold-rolled, low-carbon strip steel with an inner diameter of 23 mm and an outer diameter of 42 mm. The motor is designed to be driven with 0.8 A and ~12 V. 2 THEORETICAL BACKGROUND
FEM Calculation Details
The current in the winding generates a magnetic field around the leads/coils. The direction of this rotational field depends on the direction of the current flow. The newly created magnetic flux runs on the stator metal (with specific B-H curve) and polarizes the claw poles. Each pole now attracts a rotor segment of the opposite polarization, thereby generating useful torque. Since there is a lot of interest in design influences [8] to [10] , a 3D FEM in Ansys [11] was used to calculate these torques and forces in multiple rotor positions. The torque-displacement curves contain a lot of information about the performance of the motor. The peak torque and zero-crossing locations determine the strength and stepping accuracy of the motor. Because the main interest is the stepping accuracy, the shape of the curve is also important. Calculating the torque with the FEM is a very accurate (often used for different model verifications [12] ) and flexible [13] way to calculate the torque behavior. Influences such as the temperature, the teeth bending stresses [13] and the manufacturing errors can be easily simulated. Since a low-cost motor is being analyzed here, the PM rotor creates a specific challenge. An Nd-Fe-Co-B magnetic powder was mixed with a temperaturestable epoxy resin and pressed into a mold to form an economical, effective and magnet [14] . However, at this stage the magnet is yet to be magnetized in the magnetizing machine to create the radially magnetized segments. Because there is a considerable amount of resin, air pockets and optionally fibers in the magnet, the energy product, residual induction and coercive force all change respectively to volumetric loading of the magnetic powder (specified by the manufacturer). The magnetized magnet also has a sinusoidal magnetic flux distribution along its tangential direction (Fig.  4c) , which is in slight conflict with the result of the simulation if a simple radial segments of the PM ring are used (Fig. 4a ). Due to these problems with the need of scaling the magnetic material properties and obtaining sinusoidal shaped magnetic density profile ( Fig. 4c ) a simple method for changing the geometry of the PM was developed [15] . The segment's geometry and volume are changed to suit the volume portion of the magnetic material and also the inner and outer PM diameters. Such a model therefore keeps the original diameters, the thickness of the wall and the very important rotor-stator air gap [16] . The shape of the elements is not explicitly defined due to the variation of the volumetric loading of magnetic powder and angular width of the segment. For the first approximation the sine shape can be used. Typically less than 4 iterations are needed to obtain the satisfactory shape that corresponds to desired volume. The magnetic flux density of the elliptically shaped segments (Fig. 4b ) resembles the sinusoidal distribution more closely than the typical approach (Fig. 4a) .
Using the FEM we calculated five torquedisplacement curves: the detent and four driving curves. These driving torque-displacement curves are defined by the driving current energizing only one phase of the motor ([I 1 = 0.8 A,
The reconstruction of the other curves represented in any stepping mode can be made using Eq. (1) to (4), where c16, c32, c48 and c64 are the calculated primary torque vectors, cX is the reconstructed torque vector, n is the n th vector element, I 1 is the current in the first phase and I 2 is the current in the second phase. .
The reconstruction of all the torque-displacement curves for the desired stepping mode is fast and simple, but also very informative. Any small errors in the primary torque-displacement curves can have a significant effect on others that have not been calculated with the FEM, resulting in a compromised stepping accuracy.
The primary curves were computed with FEM and the use of B-H curve for the metal, so they include the detent torque and saturation effects. Because the reconstruction expressions (Eq. (1) to (4)) produce torque curves that are only a linear combination of the primary ones, we can expect some minor discrepancies compared to a FEM calculated curves.
The calculated FEM curves are static (magnetostatics), therefore the removed material from the magnet (FEM model) does not present any drawbacks in terms of the change of mass and inertia. Realistic mass and inertia will be used as constants in an independent dynamics simulation.
Stepping Simulation
The stepping simulation was performed with the help of a developed system of equations [15] that uses torque-displacement curves and the forcedisplacement curves obtained, as described in section 2.1, to simulate both the rotational and axial [17] movements of the rotor. Once the FEM results for torque-displacement and force-displacement curves are obtained and stored, any movement simulation can be quickly calculated using Eq. (5) to (9):
where i 1 , i 2 are the currents in both phases, u 1 , u 2 are the voltages, R is the winding resistance, L is the winding inductance, J is the rotor inertia, B r is the rotational movement damping constant, B a is the axial movement damping constant, M is the mutual inductance of the windings, TC 1,0 (θ) is the torque curve calculated with the FEM, when only one winding is fully energized (note that it must be calculated with 1 A winding current or normalized to 1 A to satisfy unit requirements), T(i 1 ,i 2 ,θ) is the torque defined by Eq. (1) to (4) for the current rotor position, T e is the friction torque generated by the rotor's eccentricity, T a is the extra friction torque added to the motor (gearbox, encoder, etc.), T z is the friction torque caused by the rotor's axial movement Eq. (10),  z is the rotor's axial velocity, m r is the mass of the rotor, F z (i 1 ,i 2 ,θ) is the axial force for the current rotor position (defined in a similar way to the torque T (I 1 ,I 2 ,θ) ), g is the acceleration due to gravity (in current application the motor's axis lays in horizontal plane), μ r is the coefficient of friction between the plain brass bearing and the stainless-steel shaft, c sw is the spring-washer constant, and z is the axial displacement of the rotor.
Spring washers, located between rotor and plain bearings (Fig. 2) , help to maintain the axial position of the rotor, and so contribute to the good vibro-acoustic aspects of the product. The axial movement of the rotor, governed by Eq. (8) , causes the compression of either the upper or lower spring washer. Compression creates a friction torque T Z that affects the rotation. In Eq. (10) r bf represents the mean radius of the bearing flange and μ a is the axial friction coefficient. 
T c z r
The friction torque caused by the mass eccentricity of the rotor T e is described by Eq. (11), where r e is the eccentricity and r s is the shaft radius. The mass eccentricity should not be confused with geometrical run-out of the rotor. The run-out would affect the magnetic field and change the FEM calculated torque-displacement and force-displacement curves [18] , [19] . For the motors constructed without spring washers, Eq. (8) should be altered to incorporate the effects of a collision between the rotor and the bearings.
MODEL VALIDATION
In order to validate the proposed simulation method, a simple experiment allowing the measurement of the rotational displacement of the shaft was made [15] . The shaft of the motor was coupled with a Scancon miniature encoder using 10 -7 kgm 2 of inertia and 0.5 Nmm of friction torque. The encoder has a resolution of 7500 lines per rotation, which is then multiplied by four in the measuring software. The data acquisition was performed with a 20 kHz sampling frequency. The motor was driven with an AMIS-30623, bipolar, stepper-motor chip based on LIN communication (automotive CAN standard sub frame). Fig. 5 shows 12 consecutive steps in ½-stepping mode [2] , one each tenth of a second. Theoretically, the step angles should be 3.75° and all equal. In this case the problematic stator geometry causes unwanted anomalies in the torque curves, which affect the motor's stepping abilities. A combination of short and long steps is a common problem when micro-stepping a claw-poled, PM, steppers. For that particular reason Fig. 5 shows ½-stepping instead of full-stepping mode. Comparison of the simulation (Fig. 5a ) and measurement (Fig. 5b) of a stepping accuracy test in ½-stepping mode reveals an adequate quality of the simulation (typically manufactured motors have a tolerance of ±5% non-accumulative error). 12 consecutive steps are enough to see the motors poor stepping abilities. The schematics of experimental setup, additional measurements and model validation is available in previous work [15] . 
FEM Calculated Torque Properties
An investigation of the FEM calculated torquedisplacement curves not only lets us characterize the peak detent and driving torque, but also the zerocrossings and zero-crossing gradients. The gradient defines the motor's ability to secure the step position. A steep curve is important in applications where a high operating friction is expected, because the positioning will be much more accurate. The gradient also affects the oscillating frequency of the rotor. The shape of the curve will affect the rotor's high-speed rotational movement, because a high torque ripple causes the rotor to run more roughly. Figs. 6 to 11 are showing the detent torque-displacement curves for each prototype. Each individual figure represents the effect of the variation of only one parameter. Because prototype V01 is the base motor, its data is shown in all the figures. The situation is similar for Figs. 12 to 17, where the plotted driving torque curves were calculated with I 1 = 0.8 A and I 2 = 0 A. According to the data in Figs. 6 to 17 the most influential parameter is the tooth base width (Fig. 6) , for the detent characteristics, and the tooth height (Fig.  13) , for the driving torque characteristics. Naturally, the peak driving torque has a lot to do with the change of the surface area of the teeth. Interestingly, the vertical chamfer has a major influence on the detent (Fig. 8) , but much less influence on the driving torque (Fig. 14) . Increasing the permanent-magnet height (MH) seems to have a positive effect on lowering the detent and increasing the peak driving torque. The results are summarized in Table 2 and visually in Fig. 18 , where Ca1 is the angle of torquedisplacement zero-crossing on the left of the peak, Ca2 is the angle of the torque-displacement zerocrossing on the right of the peak, the T peak driving torque and the D peak detent torque.
Stepping Simulation Results
The simulation of the stepping was carried out by considering a real test setup, where the shaft of the motor is coupled with a miniature encoder. Therefore, the added inertia and friction of the encoder and the coupling errors are included in the simulation parameters. Every version of the motor was tested in five different regimes (1/1, 1/2, 1/4, 1/8, 1/16 stepping), where the virtual driver directed 18 consecutive steps every tenth of a second (allowing the rotor to settle down after each step) with V = 12 V and I run = 0.8 A. The steps were then analyzed and presented in the form of a statistical range (SR), which is the difference between the maximum and minimum step in each stepping mode. The theoretical step size in the 1/1 stepping mode is 7.5°, in the 1/2 mode it is 3.75°, in the 1/4, 1.875°, and so on. Table 3 and Fig. 19 should, in theory, present the smallest step-size range for the prototypes with the most sine-like driving torque-displacement curves. Every deviation from ideal sine should be reflected in distorted reconstructed curves that define the static stepping potential. If we follow the individual parameter vertically (from 1/1 to 1/16 mode) in Fig.  19 , the theory is confirmed as the prototype V15 with the smallest difference between Ca1 and Ca2 (and therefore the least-distorted torque-displacement curve) proves to be the most accurate motor in microstepping positioning. V02  V03  V04  V05  V06  V01  V07  V08  V09  V01  V10  V11  V12  V13  V01  V14  V15  V16  V01  V17  V18  V01  V19  V20 For a better understanding of the data in Fig. 19 , the simulated rotor displacement vs. time plots for the most accurate (V15) and most inaccurate (V04) are presented in Figs. 20 to 22. Fig. 20 shows a simulation of the stepping in the full-stepping mode for the V04 motor. Full stepping is normally not problematic for low-cost steppers. The accuracy is, in most cases and applications, satisfactory.
The problems occur when driving the motor in micro-stepping modes. The steps can deviate considerably from the theoretical ones. The V04 motor is the most inaccurate motor in 1/16 stepping (unequal steps). The rotational displacement is shown in Fig. 21 . The difference between the stepping accuracy of the least accurate (V04) and the most accurate (V15) can be seen by comparing Figs. 21 and 22 . The steps of V15 motor are in comparison with V04 much more consistent (equal displacements), which is important for precise and repeatable positioning. 
CONCLUSIONS
In this paper we present the effects of motor geometry details on the stepping-accuracy potential for over 20 different prototypes simulated with an experimentally validated numerical model. The investigated parameters were varied around a base prototype in order to give the reader exact information about the effect of the applied change. This analysis also shows that some compromises have to be made when designing a low-cost PM stepper, because the strongest motor might not be the most accurate in a particular operation. The strongest motor was found to be V21 with the highest permanent magnet, and the most accurate the V15 with increased vertical chamfer.
Note that the parameters investigated in this work are not the only means of manipulating the detent and driving torque. Making some de-symmetrization [20] on the stator teeth or altered magnetization [21] , [22] of the PM are patented and sometimes effective methods. More information about the optimization of the PM machines can be found in [2] .
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